Genomic RNA of positive-strand RNA viruses replicate via complementary (i.e., negative-strand) RNA in membrane-bound replication complexes. Before replication complex formation, virusencoded replication proteins specifically recognize genomic RNA molecules and recruit them to sites of replication. Moreover, in many of these viruses, selection of replication templates by the replication proteins occurs preferentially in cis. This property is advantageous to the viruses in several aspects of viral replication and evolution, but the underlying molecular mechanisms have not been characterized. Here, we used an in vitro translation system to show that a 126-kDa replication protein of tobacco mosaic virus (TMV), a positive-strand RNA virus, binds a 5′-terminal ∼70-nucleotide region of TMV RNA cotranslationally, but not posttranslationally. TMV mutants that carried nucleotide changes in the 5′-terminal region and showed a defect in the binding were unable to synthesize negative-strand RNA, indicating that this binding is essential for template selection. A C-terminally truncated 126-kDa protein, but not the full-length 126-kDa protein, was able to posttranslationally bind TMV RNA in vitro, suggesting that binding of the 126-kDa protein to the 70-nucleotide region occurs during translation and before synthesis of the C-terminal inhibitory domain. We also show that binding of the 126-kDa protein prevents further translation of the bound TMV RNA. These data provide a mechanistic explanation of how the 126-kDa protein selects replication templates in cis and how fatal collision between translating ribosomes and negative-strand RNA-synthesizing polymerases on the genomic RNA is avoided. V irions of positive-strand RNA viruses contain genomic RNA of messenger sense. After infection, genomic RNA is released from the virions into the cytoplasm and translated to produce viral proteins, including viral RNA-dependent RNA polymerases and other replication-related proteins. These proteins are collectively called "replication proteins." In eukaryotic positive-strand RNA viruses, replication proteins recruit genomic RNA to the cytoplasmic face of intracellular membranes to form replication complexes (1, 2). Negative-strand RNAs that are complementary to genomic RNAs are synthesized in the replication complexes, and then, using the negative-strand RNAs as templates, genomic RNA is copied and released into the cytoplasm. The recognition of template RNAs and their recruitment to the replication complexes are key processes in selective amplification of genomic RNA by positive-strand RNA viruses. In several positive-strand RNA viruses, cis-acting elements for replication-template selection have been identified, and, for some of them, it was demonstrated that replication proteins directly bind to these elements (3).
Genomic RNA of positive-strand RNA viruses replicate via complementary (i.e., negative-strand) RNA in membrane-bound replication complexes. Before replication complex formation, virusencoded replication proteins specifically recognize genomic RNA molecules and recruit them to sites of replication. Moreover, in many of these viruses, selection of replication templates by the replication proteins occurs preferentially in cis. This property is advantageous to the viruses in several aspects of viral replication and evolution, but the underlying molecular mechanisms have not been characterized. Here, we used an in vitro translation system to show that a 126-kDa replication protein of tobacco mosaic virus (TMV), a positive-strand RNA virus, binds a 5′-terminal ∼70-nucleotide region of TMV RNA cotranslationally, but not posttranslationally. TMV mutants that carried nucleotide changes in the 5′-terminal region and showed a defect in the binding were unable to synthesize negative-strand RNA, indicating that this binding is essential for template selection. A C-terminally truncated 126-kDa protein, but not the full-length 126-kDa protein, was able to posttranslationally bind TMV RNA in vitro, suggesting that binding of the 126-kDa protein to the 70-nucleotide region occurs during translation and before synthesis of the C-terminal inhibitory domain. We also show that binding of the 126-kDa protein prevents further translation of the bound TMV RNA. These data provide a mechanistic explanation of how the 126-kDa protein selects replication templates in cis and how fatal collision between translating ribosomes and negative-strand RNA-synthesizing polymerases on the genomic RNA is avoided. V irions of positive-strand RNA viruses contain genomic RNA of messenger sense. After infection, genomic RNA is released from the virions into the cytoplasm and translated to produce viral proteins, including viral RNA-dependent RNA polymerases and other replication-related proteins. These proteins are collectively called "replication proteins." In eukaryotic positive-strand RNA viruses, replication proteins recruit genomic RNA to the cytoplasmic face of intracellular membranes to form replication complexes (1, 2) . Negative-strand RNAs that are complementary to genomic RNAs are synthesized in the replication complexes, and then, using the negative-strand RNAs as templates, genomic RNA is copied and released into the cytoplasm. The recognition of template RNAs and their recruitment to the replication complexes are key processes in selective amplification of genomic RNA by positive-strand RNA viruses. In several positive-strand RNA viruses, cis-acting elements for replication-template selection have been identified, and, for some of them, it was demonstrated that replication proteins directly bind to these elements (3) .
Replication of tobacco mosaic virus (TMV), poliovirus, and many other positive-strand RNA viruses is cis-preferential: i.e., replication proteins recognize their own translation templates for replication (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Because viral RNA replication is error-prone, it is important for viruses to selectively eliminate defective genomes. Template selection in cis is apparently advantageous in this regard because the genomes that encode replication proteins of lower performance are amplified less efficiently. Despite its importance in viral replication as well as evolution, little is known about how replication proteins select a template RNA in cis although it was proposed that requirement of nascent or newly synthesized replication proteins for replication and restricted diffusion or integrity of the proteins underlie the phenomenon (6) .
The genomic RNAs of positive-strand RNA viruses serve as templates for both translation and negative-strand RNA synthesis. During negative-strand RNA synthesis, viral RNA polymerases move along genomic RNA templates in a 3′-to-5′ direction. On the other hand, ribosomes synthesize viral proteins moving along the genomic RNA templates in a 5′-to-3′ direction. If these reactions take place on a single genomic RNA molecule at the same time, RNA polymerases and ribosomes collide, which results in the collapse of both reactions because these molecules cannot reverse direction or detach from the template RNA (14) . Thus, positive-strand RNA viruses must clear ribosomes from the genomic RNA strands before negative-strand RNA synthesis occurs (15, 16) .
TMV belongs to the alpha-like virus superfamily of positivestrand RNA viruses. Its genome is a 5′-capped monopartite RNA and encodes at least four proteins, including the 5′ terminal 126-kDa protein, its translational read-through product of 183 kDa, a 30-kDa cell-to-cell movement protein, and a 17.5-kDa coat protein (17) . The 126-kDa and 183-kDa proteins are replication proteins (18) . The 126-kDa protein harbors a methyltransferase-like domain that is involved in RNA 5′ capping in its N-terminal region and a helicase-like domain in its C-terminal region. A region between these two domains is called the Significance Replication of many positive-strand RNA viruses is cis-preferential: i.e., viral replicase proteins replicate genomic RNA molecules that have served as translation templates for their own synthesis, but not the other molecules in the same cell. Here, we show that tobacco mosaic virus replicase cotranslationally binds the 5′ untranslated region of genomic RNA and that this binding inhibits further translation and leads to genomic RNA replication. Intriguingly, full-length replicase protein could not bind genomic RNA posttranslationally due to autoinhibition by the C-terminal domain. These results reveal an elegant viral strategy to enable cis-preferential replication and phase switching from translation to replication at once.
intervening region, or IR. The read-through part of the 183-kDa protein contains a polymerase-like domain (19 (20, 21) . The 5′ untranslated region (UTR) of TMV genomic RNA called Ω is ∼70 nucleotides (nt) in length, contains 12 CAA repeats, and is reported to have unusual tertiary structure with non-Watson-Crick base pairing (22, 23) . The 5′ UTR of TMV RNA is a well-known translation enhancer (24, 25) and is essential for efficient virus multiplication (26) . However, the role of the 5′ UTR in replication has been unclear, mainly due to the lack of experimental systems to separately evaluate translation of viral RNA and negative-and positivestand RNA synthesis.
To dissect the process that precedes the formation of the tobamovirus RNA replication complex on membranes, we previously developed an in vitro translation-replication system (27) . Using an evacuolated tobacco protoplast extract (BYL) from which membranes were removed by centrifugation (membranedepleted BYL, or mdBYL), we demonstrated that the replication proteins of tomato mosaic virus (ToMV), a close relative of TMV, bind ToMV RNA to form a ribonucleoprotein complex named premembrane-targeting complex (PMTC) in a translation-coupled manner (28) . The PMTC is inactive in RNA synthesis but forms an active replication complex capable of synthesizing negative-strand and positive-strand RNA when it is mixed with membranes prepared from BYL. PMTC-like ribonucleoprotein (core-PMTC) is formed when a ToMV derivative that expresses the 126-kDa protein, but not the 183-kDa protein, is translated in mdBYL, which can form a replication complex when the 183-kDa protein and membranes are posttranslationally supplied (28) . In the current study, we characterized tobamovirus PMTC and obtained results that provide insight into how the genomic RNA of TMV is selected as a template for replication preferentially in cis as well as how collisions between replication proteins and ribosomes are avoided.
Results
Purification of PMTC. In our previous study, sucrose gradient centrifugation was used to purify ToMV PMTC (28); however, this method provides only a small amount of PMTC with sucrose contamination. To facilitate more extensive analysis of tobamovirus PMTC, we used size-exclusion chromatography (SEC) to obtain a larger amount of PMTC. In addition, because TMV RNA was more efficiently translated and replicated than ToMV RNA in BYL, we used TMV instead of ToMV in subsequent experiments.
TMV RNA was translated in mdBYL, and the reaction mixture was directly fractionated by SEC using a Sephracryl S-500 column (Fig. 1A) . EDTA was added to the mixture before loading onto the column to dissociate ribosomes from mRNA. TMV RNA was translated in mdBYL, and the translation mixture was fractionated by SEC using a Sephacryl S-500 column. Protein and RNA from indicated fractions were analyzed by SDS-polyacrylamide gel electrophoresis (SDS/PAGE) followed by silver staining (Top), Western blotting using anti-126-kDa protein antibodies (second panel from Top), and Northern hybridization using a 32 P-labeled RNA probe that was complementary to TMV RNA (third panel from Top). (Bottom) The elution profile of TMV RNA for a control sample, in which the translation reaction in mdBYL was inhibited by CHX. Positions of size markers (kDa) are shown on the right, and the 126-kDa and 183-kDa proteins are indicated by asterisks on the silver-stained gel. Positions of the 126-kDa and 183-kDa proteins on the Western blot and TMV genomic RNA (G) on the Northern blots are also indicated. (B) TMV RNA replication tests using fraction nos. 55 and 95. Each fraction was mixed with a P30BYL membrane suspension (for lanes marked with +, purified TMV RNA was also added), incubated at 15°C for 1 h, and further incubated with [α- 32 P]CTP and other ribonucleoside triphosphates. RNA was purified, separated using 8 M urea-2.4% PAGE, and TMV RNA and the replication proteins eluted together around fraction no. 55, preceding ribosomes (eluted in fractions no. 60-85). The replication proteins also eluted around fraction no. 95, in which TMV RNA was not detected (Fig. 1A) . When an aliquot of fraction no. 55 was mixed with creatine phosphate, creatine kinase, ATP, and BYL membranes (30,000 × g pellet of BYL) followed by further addition of ribonucleoside triphosphates, TMV-related RNAs were synthesized (Fig. 1B) , indicating that fractions around no. 55 contained PMTC (hereafter referred to as the PMTC fraction). The 126-kDa and 183-kDa proteins were the major protein components of fraction no. 55 (Fig. 1A) . The replication proteins in fraction no. 95 were incapable of supporting the replication of exogenously added TMV RNA, even when BYL membranes were supplemented (Fig. 1B) , confirming the previous result that PMTC formation is coupled with translation (28) . When TMV RNA was incubated in mdBYL with a translation inhibitor, cycloheximide (CHX), and subjected to SEC using a Sephacryl S-500 column, TMV RNA was fractionated in a similar pattern (i.e., peaked at fraction no. 55) (Fig. 1A, Bottom) .
Nuclease Resistance of the 5′ UTR of TMV RNA in PMTC. We hypothesized that replication proteins bind to a specific region of TMV RNA for selection of a replication template and that the bound region is protected from nuclease digestion. To test this possibility, the PMTC fraction was treated with micrococcal nuclease (MNase). RNA purified from the reaction mixture after MNase treatment was labeled with 32 P at the 5′ terminus and hybridized to membrane-blotted 13-arrayed TMV doublestranded (ds)-cDNA fragments (∼600 nt each with a 100-nt overlap; fragments A-M) that covered the entire length of TMV RNA (Fig. 2) . As a control, we used MNase-treated and 32 Plabeled TMV RNA that had been incubated in mdBYL with CHX and purified by SEC for hybridization to the TMV cDNA fragments. Compared with the control, a stronger hybridization signal was observed for fragment A, which represented the 5′-terminal 600-nt region of TMV RNA (Fig. 2) . By using TMV dscDNA fragments N-Q and synthetic single-stranded DNA fragments R-T that were complementary to TMV RNA, the MNase-resistant region in PMTC was further mapped approximately to nucleotides 1-100, which were covered by fragments N, O, R, and S, but not by fragments P, Q, or T (Fig. 2) . We note that the initiation codon for the replication proteins was located at nucleotides 69-71.
To further characterize the protected region at nucleotidelevel resolution, we analyzed MNase-treated PMTC RNA by Northern blot hybridization using a 32 P-labeled oligonucleotide probe that was complementary to nucleotides 1-70 of TMV RNA. The protected fragments were rather heterogeneous in size, ranging up to ∼70 nt (Fig. 3A) . In the control sample in which translation in mdBYL was inhibited by CHX, no signal was detected. Hybridization signals were also not detected for MNase-treated TMV RNA that had been incubated with SEC fraction no. 95, which contained TMV RNA-free replication proteins (Fig. 3A) , indicating that MNase resistance correlated with translation of TMV RNA. Further analysis with primer extension (Fig. 3B ) and RNase protection (Fig. 3C ) assays showed that the 5′ and 3′ termini of the MNase-resistant fragment varied, ranging from nucleotides 3-22 and from nucleotides 87-94, respectively (Fig. 3D) .
Importance of the 5′ UTR Sequence of TMV RNA for PMTC Formation and Negative-Strand RNA Synthesis. The role of the 5′ UTR of TMV RNA in viral RNA replication was investigated. We introduced mutations in the 5′ UTR that showed MNase resistance in PMTC and examined whether they formed PMTC and synthesized negative-strand RNA in an in vitro translation-replication system. In the mutant TMV-5′AG, all of the A residues in nucleotides 21-42 were replaced by G residues (Fig. 4A ). In the mutants TMV-5′PVX and TMV-5′BMV, the nucleotides 14-68 region of TMV RNA was replaced by the nucleotides 16-84 region of potato virus X (PVX) RNA and the nucleotides 47-103 region of brome mosaic virus (BMV) RNA2, respectively (Fig.  4A ). These mutant TMV RNAs were subjected to translation and replication reactions in BYL. For TMV-5′AG, TMV-5′ PVX, and TMV-5′BMV RNAs, the accumulation of negativestrand RNA was much lower than that for wild-type TMV RNA whereas the 126-kDa and 183-kDa replication proteins accumulated to moderate levels ( Fig. 4B) . Thus, the 5′ UTR of TMV RNA functions as a cis-acting element required for negativestrand RNA synthesis.
To examine whether a 5′ UTR mutation affects PMTC formation, we prepared a TMV-126-F RNA that encoded a FLAGtagged 126-kDa protein and its derivatives with the aforementioned 5′ UTR mutations (Fig. 4A ). These RNAs were translated in mdBYL, the 126-kDa protein was immunoprecipitated using anti-FLAG antibody, and coprecipitation of TMV derivative RNA, which represents formation of core-PMTC (28), was examined. TMV-5′AG-126-F, TMV-5′PVX-126-F, and TMV-5′ BMV-126-F RNAs all coprecipitated with the 126-kDa protein with lower efficiency than that of TMV-126-F (Fig. 4C) . The mutations did not drastically affect the production of the 126-kDa protein (Fig. 4C ). These results indicate that mutations of the 5′ UTR of TMV RNA affect negative-strand RNA synthesis due to the inability of replication proteins to bind genomic RNA.
TMV Replication Protein Binds to the 5′ UTR of TMV RNA. The results described above showed that the 126-kDa protein is involved in the protection of the 5′ UTR from MNase digestion and that the 126-kDa protein is associated with genomic RNA, suggesting that the 126-kDa protein binds to the 5′ UTR. To confirm this possibility, a TMV-126-F RNA, and as a control TMV-126-V RNA, in which the 126-kDa protein was C-terminally tagged with the V5 epitope, were translated in mdBYL followed by digestion with MNase. Then, the 126-kDa protein was immunoprecipitated with an anti-FLAG antibody. As expected, the 
Mapping of the MNase-resistant region of TMV RNA in the PMTC. Schematic diagram of the TMV genome and the positions of cDNA fragments A-T. PCR-amplified double-stranded cDNA fragments A-Q and synthetic single-stranded DNA fragments R-T complementary to TMV RNA were blotted onto membranes and hybridized with RNA fragments recovered after MNase digestion of the PMTC fraction and 5′-32 P-labeled. In the "control" panels, 32 P-labeled probe RNA was prepared in the same way except that the reaction in mdBYL was performed in the presence of CHX, and was used for hybridization to the DNA fragments.
70-nt MNase-resistant fragment copurified with the 126-kDa protein that was tagged with FLAG, but not with the protein tagged with V5, indicating that the protected RNA fragment was associated with the 126-kDa protein (Fig. 5) .
We next investigated which region in the 126-kDa protein was involved in 5′ UTR protection. Wild-type TMV RNA, TMV-126-F RNA, and TMV-126-F-derivative RNAs lacking regions corresponding to the helicase-like domain only (TMV-Met-IR-F) or helicase-like domain and IR (TMV-Met-F) (Fig. 6A) were translated in mdBYL and treated with MNase. TMV-126-F and TMV-Met-IR-F showed similar RNA protection patterns to that of wild-type TMV RNA (Fig. 6B) . When the same molar amount of RNA was used, the intensity of the protected bands for TMVMet-IR-F was stronger than that for wild-type TMV. The 70-nt protected RNA band was not detected with TMV-Met-F RNA (Fig. 6B) . We confirmed that the protein products accumulated to similar levels by Western blotting with anti-FLAG antibody (Fig. 6B) .
One possible explanation for the fact that the 126-kDa protein bound the 5′ UTR cotranslationally but not posttranslationally (Fig. 3A) is that only premature polypeptides are competent for binding. We tested the ability of full-length and truncated 126-kDa proteins to bind the 5′ UTR posttranslationally. TMV-126-F, TMV-Met-IR-F, and TMV-Met-F RNA derivatives, in which a part of the 5′ UTR was replaced by that of PVX, were constructed (called TMV-5′PVX-126-F, TMV-5′PVX-Met-IR-F, and TMV-5′PVX-Met-F, respectively). All of these RNAs were translated in mdBYL to obtain FLAG-tagged full-length and truncated 126-kDa proteins that were not bound to template RNA. After adding puromycin to terminate translation, wildtype TMV RNA was added to each reaction mixture as a binding target. The mixtures were further incubated and treated with MNase, and protected RNA was analyzed by Northern hybridization to detect the 5′ UTR sequence of the target TMV RNA. Notably, an ∼70-nt protected RNA band with a similar laddering pattern as that seen for TMV-Met-IR-F translation (Fig. 6B ) was observed when target RNA was mixed with the TMV-5′PVX-Met-IR-F-translated mixture whereas the protected band was barely detected when target RNA was added to the TMV-5′PVX-126-F-or Met-F-translated mixtures (Fig.  6C) . These results suggest that the Met-IR fragment of the 126-kDa protein has the ability to bind the 5′ UTR, but that the binding activity is masked by the helicase-like domain in the fulllength 126-kDa protein.
Previously, we found that ToMV mutants with C179S, C186S, or C581S substitutions in the 126-kDa protein are defective in PMTC formation (29) . We therefore examined whether MNaseresistant fragments were detectable with these mutants. Wildtype ToMV RNA and the associated mutant RNAs were translated in mdBYL and treated with MNase, after which RNA was extracted and analyzed by Northern blot hybridization using a probe for the ToMV 5′ UTR sequence. The MNase-resistant RNA band was observed for wild-type ToMV but not for the mutants (Fig. 6D) . Thus, the ability of the replication proteins to cotranslationally bind the 5′ UTR is tightly linked to the ability to form the PMTC.
Reduced Translational Efficiency of TMV RNA in the PMTC. Upon translation initiation, a small (40S) ribosomal subunit binds to the 5′ UTR of an mRNA and migrates in the 5′-to-3′ direction to find the initiation codon, where a large (60S) ribosomal subunit joins to initiate translation. Strong secondary structures and/or protein binding to the 5′ UTR prevent efficient translation initiation. Given that the replication proteins bind to the 5′ UTR of TMV RNA in PMTC, we examined whether TMV RNA in the PMTC was competent for translation. After first translation in mdBYL followed by SEC fractionation, the PMTC-containing fraction was obtained. An aliquot of this fraction was used for second translation with mdBYL in the presence of [ 35 S]-methionine to detect only newly synthesized replication proteins. Firefly luciferase (FLUC) mRNA was added to the second translation mixture as an internal control. As a non-PMTCforming control, the SEC fraction of the mock-translated sample (TMV RNA incubated in mdBYL with CHX in the first translation) was also subjected to second translation. The FLUCnormalized amount of newly synthesized 126-kDa protein from PMTC was 13.9 ± 2.1% of the non-PMTC-forming control (mean ± SE, n = 4) (Fig. 7A, direct translation) . To verify the intactness and amount of TMV RNA in the PMTC fraction, RNA in the PMTC and control fractions (supplemented with FLUC mRNA) was deproteinized by phenol extraction, purified, and used for second translation. The relative amount of newly synthesized 126-kDa protein from the deproteinized PMTC RNA was 82.8 ± 2.8% of the control (mean ± SE, n = 4) (Fig.  7A , translation after phenol extraction), indicating that intactness and amount of TMV RNA in the PMTC fraction were comparable with the control. A paired t test showed that the production of the 126-kDa protein by direct PMTC translation is significantly lower than that by translation of deproteinized RNA from the PMTC fraction (P = 0.00063). These results suggest that TMV RNA in PMTC is less competent for translation than free TMV RNA, and that this inefficient translation is due to the binding of protein factors to RNA. We suppose that the binding of TMV replication proteins to the 5′ UTR inhibits further translation. Consistent with this possibility, translation of wildtype TMV RNA, which formed PMTC, declined after 60 min in mdBYL, compared with that of TMV-5′PVX RNA, which did not form PMTC (Fig. 7B) .
To further confirm the inhibition of translation by 5′ UTRbound TMV replication proteins, we tested whether translation of Renilla luciferase (RLUC) mRNA with TMV 5′ UTR (TMV-RLUC mRNA) is inhibited by the Met-IR polypeptide in trans. Remarkably, production of RLUC from TMV-RLUC mRNA was strongly inhibited by the addition of Met-IR (Fig. 7C) . Such inhibition was not observed when RLUC mRNA with a fragment of PVX 5′ UTR (PVX-RLUC mRNA) was used, or when the full-length 126-kDa protein was added to translation reaction mixtures for TMV-RLUC or PVX-RLUC mRNA (Fig. 7C) .
Discussion
Cotranslational Binding of TMV Replication Proteins to the 5′ UTR Is Key to the Selection of a Template for Negative-Strand RNA Synthesis. In this study, we found that, when TMV RNA is translated in mdBYL, the 126-kDa replication protein binds to an ∼70-nt region of genomic RNA, rendering it resistant to MNase digestion. The 70-nt region was mapped to nucleotides 3-94 of TMV RNA. Because the initiation codon for the replication proteins is at nucleotides 69-71, most of the 70-nt region is located in the 5′ UTR. Most protein domains that bind single-stranded RNA in a sequence-specific manner recognize RNA elements of several nucleotides (30) . Thus, one replication protein molecule may bind one or a few units of the CAA repeat, and the 70-nt region may be bound and protected by multiple replication protein molecules. Importantly, mutations in the 70-nt region of TMV RNA, and those that cause C179S, C186S, or C581S amino acid substitutions in ToMV replication proteins, affected not only binding of the replication proteins to the 70-nt region but also negative-strand RNA synthesis in BYL. These results suggest that the binding is a key event in tobamovirus RNA replication.
Binding of the full-length 126-kDa replication protein to the 5′ UTR of TMV RNA occurred only cotranslationally and not posttranslationally. By contrast, the Met-IR fragment of the replication protein, which lacked the helicase-like domain, bound the 5′ UTR posttranslationally and in trans. We postulate that the Met-IR region folds into a 5′ UTR binding-competent conformation before translation completes, and that a fraction of the premature translation product binds the 5′ UTR. This binding is maintained after the helicase-like domain is synthesized. However, if the helicase-like domain is synthesized before the Met-IR region binds the 5′ UTR, the helicase-like domain might bind to the Met-IR region and sterically inhibit its binding to the 5′ UTR or change the conformation of the Met-IR region to make it incompetent for 5′ UTR binding (Fig. 8) . Consistent with these possibilities, the helicase-like domain of TMV was able to bind the IR region in a yeast two-hybrid system (31) .
Cotranslational binding of the replication proteins to replication templates suggests that the former tends to bind the 5′ UTR in cis because the translation templates are always near premature translation products. In fact, tobamovirus replication proteins, like those of many other positive-strand RNA viruses, preferentially select template RNAs in cis (8, 20, 21) . This property benefits TMV in several ways. First, it facilitates accurate template selection. Second, it secures efficient replication at early stages of infection when the levels of genomic RNA and replication proteins are low. Third, it allows rapid selection on the 126-kDa protein gene. TMV genomes carrying a moreadaptive 126-kDa protein gene will be replicated more efficiently than those carrying a less-adaptive one when they coexist in a cell: i.e., the functionality of the protein is directly linked to the fitness of its cognate genome. Fourth, inhibition of the posttranslational binding of the 126-kDa protein to the 5′ UTR by the helicase-like domain probably also secures successful postreplication events, including virion assembly and viral spread to neighboring cells, especially during the later stages of cellular infection, when higher amounts of free replication proteins and viral RNA accumulate. Degradation of the replication protein of turnip yellow mosaic virus by the ubiquitin-proteasome-mediated system (32), and nuclear transport of potyvirus replication proteins, which catalyze RNA replication in the cytoplasm (33), would confer similar advantages. Because tobamovirus replication proteins that do not participate in RNA replication act as an RNA silencing suppressor (34) (35) (36) , tobamoviruses might use an autoinhibition strategy rather than degradation/sequestration strategies to maintain a pool of replication proteins for RNA silencing suppression.
Previously, Osman et al. prepared ToMV replication proteins that were solubilized from membranes of infected plants and showed that they bind to the 3′ tRNA-like structure of ToMV RNA and initiate negative-strand RNA synthesis (37) . They also demonstrated that an Escherichia coli-expressed fragment of the ToMV replication protein, corresponding to amino acid residues 1-654 (Met-IR used in this study corresponds to amino acid residues 1-664 of the TMV replication protein), specifically binds to the 3′ tRNA-like structure of ToMV RNA in trans (38) . After the binding of PMTC to membranes, replication proteins may gain the ability to recognize the 3′ tRNA-like structure to initiate negative-strand RNA synthesis. For many positive-strand RNA viruses, including TMV as found here, cis elements apart from the 3′-terminal region of genomic RNA play important roles in template selection (3) . In some cases, the 3′-terminal region is recruited spatially close to the cis elements via RNA-RNA or RNA-protein interactions (39) . As the 3′ terminus of genomic RNA must be recognized by replication proteins for correct initiation of negative-strand RNA synthesis, why do these viruses use additional non-3′ cis elements for template selection? For strict recognition, replication proteins need to bind replication templates strongly, but such tight binding might make it difficult for replication proteins to change state toward negativestrand initiation and to leave the 3′ termini of the replication templates for negative-strand elongation. Thus, it is plausible that the binding of replication proteins to the 3′ terminus of genomic RNA perhaps cannot be so strong that the processes of negative-strand synthesis initiation and elongation are affected. In fact, tobamovirus RNA replication is tolerant of replacement of the 3′-terminal sequence with other tobamovirus species or even a virus in a different family (40, 41) . Thus, to secure suf- 35 S]-methionine was added, and, after a 5-min incubation, excessive (final, 1 mM) non-isotope-labeled methionine was added, and incubation was continued for a total of 90 min. Proteins were analyzed by SDS/PAGE and autoradiography. The positions of the 126-kDa and 183-kDa proteins are shown on the right. The graph shows the ratio of the FLUC-normalized 126-kDa protein band intensity for TMV (wt) to that for 5′PVX at each time point. (C) Effect of the Met-IR fragment binding on translation of reporter mRNA with viral 5′ UTRs. TMV-5′PVX-Met-IR-F or TMV-5′PVX-126-F RNA were translated in mdBYL for 30 min (for a negative control reaction, no mRNA was added). Then, Renilla luciferase mRNA that have 5′ UTR sequences from TMV RNA (TMV-RLUC) or that from TMV-5′PVX RNA (PVX-RLUC) were added to each mixture and incubated for an additional 60 min, and luciferase activity was measured. Boxes and error bars represent means and SEs of data obtained in three independent experiments. An asterisk indicates a significant difference by t test (P < 0.05).
ficient accuracy in template selection, additional cis elements might be required.
Switching from Translation to RNA Replication in TMV. The genomic RNA of positive-strand RNA viruses serves as a template for both translation and replication. To avoid fatal collision between protein-synthesizing ribosomes and negative-strand RNA-synthesizing RNA polymerases, ribosomes must be eliminated from genomic RNA molecules before negative-strand RNA synthesis starts. In poliovirus, with genomic RNA that has a 5′-terminal covalent linkage to a viral protein called VPg, the binding of viral RNA polymerase to an RNA element in the 5′ UTR is essential for negative-strand RNA synthesis, and this binding inhibits internal ribosome entry site-dependent translation (15) . For turnip crinkle virus and barley yellow dwarf virus, which have uncapped RNA genomes, binding of their replication proteins to genomic RNA or traveling of the replication proteins during negative-strand synthesis disrupt higher RNA structures that are necessary for cap-independent translation (42, 43) .
In this study, we found that TMV replication proteins inhibit translation of TMV RNA by binding to the 5′ UTR of the RNA. Because the 5′ UTR of a capped mRNA is the initial binding site for the 40S ribosomal subunit, the binding of the 126-kDa protein to the 5′ UTR may inhibit the entry of ribosomes to the 5′ UTR and/or scanning for the initiation codon. As a result of inhibiting translation initiation, ribosomes will be cleared from the genomic RNA as soon as ongoing translation completes. This model provides one more possible strategy to avoid a fatal collision between ribosomes and RNA polymerases in positivestrand RNA viruses. Lastly, we note that the TMV 5′ UTR, a general translation enhancer (24, 25) , acts as a translation silencer in this context.
Materials and Methods
Plasmids. Full-length cDNA of TMV-OM (44) RNA was synthesized by reverse transcription-PCR (RT-PCR) and inserted between the EcoRI and ThaI sites of pBR322 (nucleotides 2,519-4,359) with an SP6 promoter and linker sequences to obtain the plasmid pSPOM. The plasmid was linearized with AgeI, which cleaves DNA at ACCGGT, and used for transcription by SP6 RNA polymerase to produce infectious RNA. The complete nucleotide sequence for pSPOM was deposited in GenBank (accession no. AB861437). To construct the plasmids pSPOM-126-F and pSPOM-126-V, the nucleotides 3,419-5,813 region of the TMV-OM sequence in pSPOM was replaced by the sequences 5′-TCAATTACAGGGAGGCGCCGGAGGTGATTATAAGGATGATGA-TGATAAGAACTGGTCACATCCTCAATTTGAAAAGTGAGGTAAC-3′ and 5′TCA-ATTACAGGGAGGCGCCGGAGGTGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTC-GATTCTACGTGAGGTAAC-3′, respectively. In the plasmid pSPOM-5′AG, the A residues in the nucleotides 21-42 TMV-OM region of pSPOM were replaced by G residues. To construct the plasmids pSPOM-5′PVX and pSPOM-5′BMV, the nucleotides 14-68 TMV-OM region of pSPOM was replaced by the sequences 5′-CACCACCAACACAACCAAACCCACCACGCCCAATTGTTACACAC-CCGCTTGGAAAAGCAAGTCTAACAA-3′ and 5′-GCAACACACATCTAACCTTG-TTGTTGTTGTGTTTTGTTTCTTTCTACTATCACCAAG-3′, respectively (Fig. 4A) . In the pSPOM derivatives pSPOM-Met-IR-F and pSPOM-Met-F, regions encoding the 126-kDa protein amino acid residues 1-664 and 1-375, respectively, were fused to a FLAG tag-coding sequence and linked to nucleotide 5,814 of TMV-OM. ToMV-based constructs were made as described previously (29) . pTMV-RLUC was created by inserting a fragment containing the SP6 promoter, 5′ UTR, and first 10 codons for the 126-kDa protein from pSPOM (the resultant transcript contains nucleotides 1-98 of TMV-OM RNA) into the vector pMI27 (45) at a site immediately upstream of the initiation codon of RLUC ORF. pPVX-RLUC was constructed following the same strategy, except that a fragment containing the SP6 promoter and 5′ UTR from pSPOM-5′PVX was inserted.
In Vitro Translation and Replication of Tobamovirus RNA. Preparation of BYL and mdBYL and in vitro translation and replication of tobamovirus RNA were performed as described previously (27, 46) . RNA for translation and replication was synthesized by using an SP6-Scribe Standard RNA IVT Kit (CELLSCRIPT) or a T7-Scribe Standard RNA IVT Kit (CELLSCRIPT) and capped by using a ScriptCap m 7 G Capping System kit (CELLSCRIPT). Alternatively, TMV-OM RNA prepared from purified virions was used for translation and replication.
Purification of PMTC. TMV-OM RNA (100 μg) prepared from purified virions was translated in a 5-mL mdBYL reaction mixture at 25°C for 1 h with or without 100 μg/mL CHX. The reaction mixture was mixed with 18 μL of 0.5 M EDTA and centrifuged at 10,000 × g at 4°C for 10 min, and the supernatant (4.8 mL) was directly applied to a Sephacryl S-500 16/60 column (GE Healthcare). Chromatography was performed at 4°C at a flow rate of 0.5 mL/min with 30 mM Hepes-KOH (pH 7.4), 80 mM KOAc, 2 mM DTT, and 5% glycerol. The eluate was collected (1 mL per fraction) and fraction nos. 47-58 were pooled as the PMTC fraction or the control SEC fraction unless otherwise stated.
Protein and RNA Analyses. FLAG-tagged proteins were bound to ANTI-FLAG M2 Affinity Gel (A2220; Sigma-Aldrich) and eluted using 3× FLAG peptide (F4799; Sigma-Aldrich) as described previously (28) . RNase protection and primer extension experiments were performed using an RNase Proptection Assay III kit (Ambion) and a PrimeScript First Strand cDNA Synthesis kit (Takara), respectively. Antibodies to ToMV replication proteins were produced in rabbits using an E. coli-expressed polypeptide corresponding to amino acid residues 666-1,116 as antigen. Anti-FLAG (DYKDDDDK) antibody (mouse monoclonal from clone 1E6) was purchased from Wako Pure Chemical Industries. 35 S-labeled protein bands were detected using a BAS-2500 imager, and their intensities were measured by Multi Gauge version 3.0 software (Fujifilm). RLUC activity was measured using the luminometer model TD-20/20 (Promega). 
